Mi crobiologist Susan Pfiffner is ready to sweat. She's outfitted in spandex workout clothes and carrying 2.5 liters of dilute Gatorade. But Pfiffner, a research assistant professor in the Center for Biomarker Analysis (CBA) at the University of Tennessee, Knoxville, is not headed for the gym. She's preparing to don white coveralls, a hardhat, and a pair of too-large miner's boots before descending into one of the deepest gold mines in the world, in the Witwatersrand Basin of South Africa. There, she and her colleagues will search for signs of microbial life that can withstand the high temperatures and pressures, limited nutrient availability, and other extreme conditions of the deep-subsurface environment.
Pfiffner is part of an interdisciplinary cadre of scientists working in the relatively new and thriving field of geomicrobiology-the study of interactions between microbes and their nonliving surroundings. The growing recognition of the role that microorganisms play in fundamental geochemical processes on and below the earth's surface, and their far-reaching effects on the environment, has garnered interest from geologists and microbiologists, as well as environmental scientists, environmental engineers, and others.
These researchers' work may take them to remote locations such as active gold mines and deep-sea hydrothermal vents, or to less exotic locales such as toxic waste sites. Back in the laboratory, they use the varied tools of their trades-including molecular genetic techniques, innovative culture methods, and chemical and isotopic analyses-to extract new knowledge from the samples they've collected.
Such investigations are uncovering microbial species that make their homes in environments previously thought to be inhospitable to life; revealing new roles for microbes in fundamental Earth processes; providing insights on microorganisms that may prove useful in environmental remediation, biotechnology, and industrial processes; and yielding new clues about the coevolution of the biosphere and the geosphere.
Life pushes the envelope
In steep, often low-ceilinged mine passages extending more than 3 kilometers below the earth's surface, where rock temperatures reach 60 o C (140 o F) and the air pressure is twice that at the earth's surface, Pfiffner and her colleagues collect air and water samples and drill out rock samples from the walls. They also take samples of biofilms-slimy assemblages of microbes that grow where water drips down the sides of the mineshaft. They take special precautions to avoid contaminating the samples, some of which are used to inoculate culture media in hopes of growing new microbial species in the laboratory.
Princeton University geologist T. C. Onstott leads the large, multi-institution international research team that is studying microbial communities in South African gold mines. Their work is funded by the National Science Foundation and National Aeronautics and Space Administration's Life in Extreme Environments (LExEn) program, which supports research on the relationships between microorganisms and the extreme environments in which they exist on Earth to gain insights that may aid the search for life on other planets.
"What has intrigued me about subsurface microbiology," Onstott says, "is that what we would be learning from the deep subsurface would be directly applicable to the search for life on or beneath the surface of other planets in our solar system. Samples from the South African mines, including deep-fissure water,"service water" used for cooling and other purposes, water from overlying aquifers, and biofilm and rock samples, are being studied in labs across the United States, Canada, South Africa, and Europe. Pfiffner and her colleague Aaron Peacock use an approach known as phospholipid fatty acid (PLFA) analysis, developed by CBA chief David White, to learn about the viability and nutritional status of microbes in the samples and to get a general idea of the types of organisms that are present. Researchers in other labs analyze ribosomal RNA gene (rDNA) sequences to classify more specifically the types of microbes in each sample. Others determine the chemical and isotopic composition of water samples for clues to the water's age and origins, while still others try to establish laboratory cultures of microorganisms from water and rock samples.
"We've had a real difficult time trying to cultivate organisms from the minesmore so than we've experienced at other sites," Pfiffner says. The problems may be attributable to difficulty in reproducing in the laboratory the unusual environmental conditions of the mines, or to low abundance or slow growth rates of microbes. Because water and energy sources are limited in the smallish pores of the sedimentary rocks and shales typical of the mines, any microbes that do survive are likely to divide extremely slowly-perhaps on the order of once every 1,000 to 10,000 years."It's an almost unavoidable conclusion," Onstott says. "The organisms we're seeing down there are more dead than alive." Nevertheless, he says, on a geologic time scale, such slow-growing microbes could significantly influence aspects of the environment such as water chemistry and perhaps even the minerals in the rocks.
One of the most noteworthy organisms that the researchers have been able to grow in the lab so far is a thermophilic bacterium of the genus Thermus, isolated by oxygen and can use hydrogen gas-often present in the subsurface-as a source of energy. The first reported Thermus species capable of reducing iron, it can also reduce a remarkable variety of other substances, including manganese, cobalt, and uranium. And, Onstott says, the microbe may prove useful for remediating some toxic and radioactive compounds at high temperatures. Analysis of rDNA sequences from mine water samples indicates that the mines also harbor novel communities of Archaea, distinct from those in other environments. Detecting organisms that may live in the rocks themselves and separating them from potential contaminants is perhaps the greatest challenge, because the density of microbes that could survive under such conditions is likely to be very low. Results from PLFA and DNA sequence analysis of rock samples so far are equivocal, Onstott says.
"The main focus of our research right now is trying to enrich and isolate organisms and begin to work on their characteristics," he says. Rather than "just getting the DNA sequence of something that you can't grow in the lab," the researchers want to devise better ways to cultivate organisms from mine samples and learn how these microbes survive in the deep subsurface and how they affect, and are affected by, the geochemistry of the subsurface environment.
Microbes on the ocean floor
"The recognition of the role that microorganisms play in geochemical processes all over the earth's surface was a real eyeopener for me," says geomicrobiology researcher Katrina Edwards of Woods Hole Oceanographic Institution (WHOI), in Woods Hole, Massachusetts. Edwards, originally trained as a geologist, was the first student to pursue an interdisciplinary PhD in geomicrobiology at the University of Wisconsin, Madison. Her research focuses on how microbes affect the production, breakdown, and recycling of Earth's materials. "Every element has a geochemical cycle, and a lot of them are biogeochemical cycles," she says."People have been studying these cycles for a long time, but until we get our hands dirty with the geomicrobiological processes that control [them], we're not going to make further strides."
In March 2000 (Science 287: 1796-1799), Edwards, University of Wisconsin mineralogist Jillian Banfield (Edwards's graduate advisor), and their colleagues reported the discovery of a new archaeal species that lives in the highly acidic waters of the now-inactive Iron Mountain Mine, a Superfund site in northern California. Ferroplasma acidarmus, which grows at a pH of about 0.5, makes a living by oxidizing the iron in sulfidecontaining rocks. This microbe and related Ferroplasma species appear to make up the bulk of the biomass at underground acid-generating sites in the mine, Edwards says. By dissolving rock and liberating sulfide, which is oxidized to form sulfuric acid, they contribute significantly to acid mine drainage-the main environmental problem caused by metal ore mining.
Edwards's current work on the role that microorganisms play in mineral weathering in deep-sea hydrothermal vent systems (supported by NSF and the Mellon Foundation) is yielding results that she says could alter scientists' understanding of primary production in the ocean. Most research on the unique chemosynthetic microbial communities that live in these vent ecosystems focuses on organisms that derive energy from dissolved chemicals in the vent fluids, such as hydrogen sulfide, methane, and hydrogen (H 2 ). But in the 1980s,WHOI biologists discovered sulfide-oxidizing microbes that can derive energy directly from sulfide-containing rocks that abound near the vents. Recent calculations by Edwards's colleague, WHOI postdoctoral investigator Tom McCollom, indicate that these rocks contain significantly more potential energy than is released in vent fluid.
To learn more about the diversity, size, and activity of microbial communities that can oxidize minerals from sulfidecontaining rocks, Edwards and McCollom went on a series of dives along the Juan de Fuca Ridge, off the coast of Oregon and Washington. Using the small, manned submersible Alvin, they collected rocks from the vent regions. The problem When the researchers retrieved the samples they had planted, they were amazed to see that a crust of metal oxides had formed on the rock surfaces after only two months. Using standard molecular biology approaches, including DNA sequence comparison and in situ hybridization, Edwards and her colleagues found evidence on the rocks for the presence not only of sulfide-utilizing microbes but also novel iron-oxidizing microbes, which derive energy from the iron portion of sulfide minerals. Using an elaborate culturing procedure, the researchers have succeeded in isolating and growing new strains, species, and even genera of sulfide-oxidizing and ironoxidizing microbes from the rock samples. The discovery of iron-oxidizing bacteria was surprising, Edwards says, because most such microbes are found in acidic environments or at aerobicanaerobic interfaces, whereas those in the hydrothermal vent regions "are growing directly from the solution products of minerals at the mineral-fluid interface."
The next step is determining to what extent iron-oxidizing and sulfideoxidizing microbes contribute to mineral weathering and primary production on the ocean floor-"the total contribution to the carbon cycle, in essence," Edwards says. She and her colleagues want to know whether these organisms "are just hanging out down there, waiting for the minerals to dissolve so they can live off of their by-products, or...playing an active role in solubilizing them, such as occurs in the acidic environment"of Iron Mountain. If they are actively dissolving rocks, Edwards says, such microbes could be widespread on the ocean floor, not restricted just to hydrothermal vent regions. They might alter more common rock types, such as basalts, and could play a significant role in primary production in the oceans.
Harnessing the power of bacteria
Research in geomicrobiology "has the potential to profoundly change both the quality and our understanding of life," according to a report issued in December  2001 harmless compounds, or sequester these substances in forms that are not bioavailable hold promise for remediation of contaminated sediments, soils, and water. At the Center for Environmental Biotechnology (CEB) at the University of Tennessee, Knoxville, researchers led by center director Gary Sayler have engineered bacteria for use as biosensors in remediation monitoring and other applications. Sayler defines a biosensor as "a living organism that can recognize and respond to chemical, physical, or even biological agents in the environment and produce a signal that can be used for detection of that analyte [the substance being analyzed] or organism."
To produce such whole-cell biosensors, Sayler and his colleagues at CEB and Oak Ridge National Laboratory (ORNL) exploit the ability of many bacteria to sense the presence of a particular chemical and turn on a specific gene in response. The activated gene might allow a microbe to degrade or otherwise detoxify a chemical pollutant, for instance. By linking the promoter, or response region, of one of these chemical-sensitive genes to a group of five genes (known as the luciferase, or lux, genes) responsible for the light-emitting reaction in the bioluminescent marine bacterium Vibrio fischerii, CEB researchers have created microbes that respond to a chemical agent by generating light at a specific wavelength. Light emitted by the bacteria not only signals the presence of the chemical of interest but also indicates that the chemical is bioavailable-an important factor when considering the potential danger posed by a pollutant, and "something that many of the classical analytical methods don't do," Sayler notes.
In the late 1990s, CEB and ORNL researchers used a bacterial biosensor in the first Environmental Protection Agency-approved field test of a genetically engineered microorganism for remediation purposes. The bacterium they tested, Pseudomonas fluorescens strain HK44, has a natural capacity to break down naphthalene and other polyaromatic hydrocarbons (PAHs)-common organic pollutants that persist in soil for long periods. Strain HK44 is engineered to emit light in response to naphthalene exposure and biodegradation, enabling researchers to monitor the bioremediation process (i.e., PAH breakdown) by the detection of light.
The two-year-long field experiment with strain HK44, which was done in contained, in-ground reactors (lysimeters) filled with PAH-contaminated soil, showed that microbial biosensors hold promise for detecting environmental contaminant bioavailability and monitoring and controlling the progress of remediation in situ. For this experiment, some of the bacteria were encapsulated in alginate beads and placed in fiber optic sensors. Using photomultiplier tubes, researchers were able to detect bioluminescence from these biosensors, which were housed in small PVC pipes installed at various depths in the lysimeters, as well as bioluminescence coming directly from HK44 cells in the soil.
"Most recently," says Sayler,"we've put the microbes directly onto silicon photodetecting microchips and developed a hybrid process so the organism acts to transduce the chemical signal in the environment into a light signal that the chip then processes into an electronic signal." These "bioluminescent bioreporter integrated circuits," developed in collaboration with electrical engineer Michael Simpson at ORNL, could be powered by a small battery supply and used for what Sayler calls "stand-alone sentinel monitoring." For example, sensors could be deployed in the field to monitor a remediation process and alert environmental managers at a remote location if a problem is developing that requires further testing or corrective measures. Electronic signals from sensors equipped with a tiny antenna could be transmitted to a monitoring station via a wireless network or even by satellite, Sayler says.
Although technical challenges remain for using bioengineered organisms like strain HK44 in bioremediation monitoring, Sayler says some companies are testing the whole-cell biosensor technology "to see whether it can be a practical addition to conventional analytic measurements in the environment." The technology won't entirely replace traditional methods, he says, because the bioluminescence response is more variable than that of chemical techniques. "But it's a kind of quick, fact-finding, trouble shooting, inexpensive approach."
Many types of aerobic bacteria can be used to create bioluminescent biosensors, Sayler says. "It just depends on the type of application you want." He and his colleagues have engineered a range of bacteria to produce light in response to various organic pollutants, including hydrocarbons and chlorinated aromatic compounds, and have recently started building sensor organisms that can re- spond to chemicals associated with food contamination and food poisoning. They are also "developing organisms that respond to specific volatile organic chemicals produced by other microbes," Sayler says. One potential use for such sensor organisms is the detection of anthrax and other agents of biological warfare. The boundaries of geomicrobiology are expanding rapidly, and its scope is still being defined. Other researchers in the field are examining how some bacterial cells and extracellular structures concentrate and accumulate metals, reconstructing the environmental and ecological circumstances surrounding microbial evolution, and pursuing the search for extraterrestrial life.
The power of integrating biology and geology-disciplines that have long remained largely separate-is evident in much of this work. "You really can't dissociate Earth from the life that's been evolving on it throughout geologic time," Edwards says. "Nor can you separate biology from the environment that has shaped its development." For those who accept the challenges of interdisciplinary research and choose to pursue studies in geomicrobiology, the opportunity to reap rewards-both intellectual and practical-appears great.
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